We demonstrate a field trial of a 640-Gbaud NRZ signal generated by RZ-to-NRZ conversion of a phase-coherent RZ-OTDM signal. This is employed in a 1.19-Tbit/s PDM-NRZ-OOK field transmission with BER< 3.8×10 -3 for all 128 tributaries.
Introduction
Optical networks may benefit from a combination of wavelength division multiplexing (WDM) and time division multiplexing (TDM) in terms of increasing transmission capacity and simplifying management. TDM can be realized electrically (ETDM) or optically (OTDM). Currently, the highest symbol rate and bit rate of ETDM are 100 Gbaud and 400 Gbit/s, using modulation formats of NRZ and PDM-16-QAM [1] [2] [3] . The NRZ modulation format is considered the most straightforward implementation. However, it is difficult and power hungry to further increase the symbol rate of ETDM due to the bandwidth limitation of the driving RF amplifiers. On the other hand, OTDM has achieved a symbol rate of 1.28 Tbaud and a single-channel bit rate of 9.5 Tbit/s [4] [5] [6] . However, traditional OTDM with RZ format suffers from very broad spectra making transmission very challenging.
In this paper, we report the first demonstration of a field transmission of a 640 Gbaud NRZ data signal, derived from a phase-coherent OTDM RZ signal. The 640 Gbaud NRZ OOK data signal is polarization multiplexed to a line rate of 1.28 Tbit/s, and transmitted through a 56 km field transmission link. The 640 Gbaud NRZ signal is tolerant to rectangular filtering with a bandwidth of 700 GHz with negligible power penalty. All 128 TDM tributaries (both TM and TE) are below the FEC limit after transmission, corresponding to 1.19 Tbit/s error-free field transmission. Fig. 1(a) shows the experimental setup for the field trial of the 1.19 Tbit/s NRZ OTDM signal. It mainly consists of a 640 Gbit/s RZ-OOK OTDM transmitter (L band), a coherent OTDM generator, a polarization multiplexer, a field transmission link, a polarization demultiplexer and a 640 Gbit/s receiver. A 640 Gbit/s OTDM RZ signal at 1590 nm is generated by optical time division multiplexing a 10 GHz short pulse, which has been on-off-keying (OOK) modulated at the 10 Gbit/s base rate with a PRBS (2 31 -1) signal [5] . The 640 Gbit/s data pulse has a FWHM of 600 fs. To generate a phase-coherent OTDM signal, the original OTDM signal is mapped onto a coherent CW light beam. A coherent signal is needed in order to convert it to NRZ. The coherent OTDM generator is basically a polarization-rotating Kerr switch [7] as shown in Fig. 1(b) . The 640 Gbit/s data pulses and coherent CW light beam at 1545 nm are launched into a highly nonlinear fiber (HNLF). At the fiber output a polarizer is placed with its axis (vertical axis in Fig. 1(b) ), orthogonal to the CW light. The polarization of the data is 45° with respect to the polarizer. The 640 Gbit/s data pump switches the CW light by cross-phase modulation (XPM) induced polarization rotation in the HNLF, which generates a pulse-to-pulse phase-coherent OTDM signal. The HNLF of 128 m used in the experiment is alumino-silicate strained in order to increase the Stimulated Brillouin Scattering (SBS) threshold [8] , and is kindly provided by OFS Fitel Denmark. The average power of the data and the CW light are 25 dBm and 27 dBm, respectively. The zero-dispersion wavelength of the Al-HNLF is at 1560 nm, minimizing the walk-off. The 640 Gbit/s coherent OTDM signal is then polarization multiplexed by the polarization multiplexer, consisting of a polarization maintaining optical coupler, an optical delay line to provide 4800 symbol delay, and a polarization beam combiner to recombine the signal. Thus, a 1.28 Tbit/s line rate phase-coherent OTDM signal is generated, which corresponds to a data rate of 1.19 Tbit/s, after subtracting the 7% FEC overhead.
Experimental setup
A wavelength selective switch (WSS) is used to implement a filtering function by combining those of a 1.28 THz ring resonator and a 500 GHz Gaussian filter, as shown in Fig. 2(a) , in order to convert the RZ format into NRZ format. The spectra of the original 640 Gbit/s OTDM, the generated 640 Gbit/s phase-coherent RZ and the 640 Gbit/s NRZ signals are shown in Fig. 2(b) . Optically sampled eye diagrams of the 640 Gbit/s coherent OTDM RZ and NRZ signals are shown in Fig.2(c-d) . Finally, an in-band 10-GHz pilot tone at 1539.6 nm is inserted through the WSS for clock recovery (Fig. 3(a) ). The 1.28 Tbit/s signal is dispersion pre-compensated by a 7-km DCF and then launched into a 56-km field transmission link, which is a loop between the DTU lab in Lyngby and Hillerød in Denmark, Fig. 1(c) . The launched power into the field transmission link is 11 dBm, with less than 1 dB nonlinearity penalty when increased to 18 dBm, which is a benefit of the lower peak power of NRZ compared to RZ. The mean differential group delay (DGD) of the field installed fiber is 0.2 ps and has negligible impact on the NRZ transmission.
The spectrum of the 1.28 Tbit/s pol-MUX NRZ signal with the in-band 10 GHz pilot tone after the field transmission ( Fig. 3(b) ) reveals an OSNR of ~41 dB. The pol-MUX NRZ signal is then polarization demultiplexed by a polarization beam splitter (PBS) and subsequently received by a 640 Gbit/s receiver which consists of a WSS, a clock recovery (Clk. Rec.) unit, a nonlinear optical loop mirror (NOLM) based TDM demultiplexer, a 0.9 nm filter and a 10 Gbit/s pre-amplified receiver. The WSS is used to extract the 10 GHz pilot tone (Fig. 3(c) ) and act as a rectangular filter with a bandwidth of ~800 GHz (tuneable) to emulate strict filtering as in a WDM system. The extracted 10 GHz clock is recovered by a phase-locked loop and then used to synchronize a mode-locked laser to generate 10 GHz control pulses. The NOLM is used to demultiplex the 640 Gbit/s data signal to the 10 Gbit/s data tributaries.
Experimental results
The RZ-NRZ conversion and field transmission are successful. Fig. 4 shows BER-based characterization results B2B, and Fig. 5 after the field transmission. BER vs received power is plotted for a 10 Gbit/s channel demultiplexed from the 640 Gbit/s signals. In all cases, BER values below the FEC limit are obtained. The BER performance of the optimized 640 Gbit/s NRZ signal is similar to that of the 640 Gbit/s phase coheretn RZ signal. Fig. 4(a) shows Power density (dBm/0.02nm)
the dispersion tolerance for the 640 Gbit/s NRZ and RZ data signals. As expected, the narrower spectrum of the NRZ data leaves it more tolerant to the added β 2 dispersion than the RZ. For uncompensated dispersion of 0.2 ps/nm, the 640 Gbit/s RZ signal has an error floor at a BER of 10 -3
, whereas the 640 Gbit/s NRZ signal just has a power penalty of 1.2 dB without an error floor. The error floor only appears for the 640 Gbit/s NRZ signal when the uncompensated dispersion is increased to 0.5 ps/nm. The 640 Gbit/s NRZ signal is also investigated for tolerance to the bandwidth of a rectangular filter, as shown in Fig. 4(b) and (c) . When the filter bandwidth is larger than 700 GHz, the power penalty caused by the filtering effect is < 1 dB; however the power penalty increases dramatically when the filter bandwidth is smaller than 600 GHz. Fig. 5(b) . Compared to the b2b case, the power penalty of the 640 Gbit/s NRZ signal after the transmission is < 1 dB and the power penalty of the 1.28 Tbit/s pol-MUX NRZ signal after the transmission is ~1 dB for both TM and TE mode, mainly due to a limited polarization extinction ratio of the PBS in front of the receiver. The BER of all the 128 tributaries (both TM and TE) are measured with a received power of -37 dBm (Fig. 5(c) ). All the tributaries of the transmitted 1.28 Tbit/s signal show a BER below 2 × 10 -3 , well below the FEC limit of 3.8 × 10 . This corresponds to a post-FEC error-free performance (BER < 10 -12 ) at a net data rate of 1.19 Tbit/s. 
Conclusion
We have demonstrated the generation of a 640 Gbaud NRZ signal and a field trial of a 1.19 Tbit/s PDM-NRZ-OOK signal over a 56 km installed transmission link. All 128 tributaries show a BER below the FEC limit of 3.8×10 -3 after the field transmission. The bandwidth of the generated 640 Gbaud NRZ signal can be restricted to 700 GHz with negligible power penalty. Furthermore, the phase coherent OTDM NRZ signal with narrower spectrum has better tolerance to dispersion compared to a traditional OTDM RZ signal. 
